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ABSTRACT: Transmembrane protein integrins play a key role in
cell adhesion. Cell−biomaterial interactions are affected by integrin
expression and conformation, which are actively controlled by cells.
Although integrin structure and function have been studied in
detail, quantitative analyses of integrin-mediated cell−biomaterial
interactions are still scarce. Here, we have used atomic force
spectroscopy to study how integrin distribution and activation (via
intracellular mechanisms in living cells or by divalent cations) affect
the interaction of human pluripotent stem cells (WA07) and
human hepatocarcinoma cells (HepG2) with promising biomate-
rials human recombinant laminin-521 (LN-521) and cellulose
nanofibrils (CNF). Cell adhesion to LN-521-coated probes was
remarkably influenced by cell viability, divalent cations, and integrin density in WA07 colonies, indicating that specific bonds
between LN-521 and activated integrins play a significant role in the interactions between LN-521 and HepG2 and WA07 cells. In
contrast, the interactions between CNF and cells were nonspecific and not influenced by cell viability or the presence of divalent
cations. These results shed light on the underlying mechanisms of cell adhesion, with direct impact on cell culture and tissue
engineering applications.
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■ INTRODUCTION
The interactions of cells with their extracellular matrix (ECM)
are crucial in many biological processes, such as tissue
regeneration, wound healing, embryo development, and
tumor metastasis. Cell viability, proliferation, migration, and
differentiation are widely affected by the interactions of the
cells with the surrounding materials both in vivo and in vitro.
The main mediators of cell−biomaterial interactions are cell
membrane proteins called integrins. Integrins are a family of
transmembrane proteins formed by two main subunits α and
β.1,2 In mammals, these subunits can form 24 heterodimers
with specific expression in different cell types.3−6 The binding
of the same ECM ligand to different integrins activates
alternative signaling pathways and thus different biological
responses.7,8 The interaction between cells and biomaterials
can be altered when the integrin cassette of cells changes, for
example, in stem cell differentiation or cancer propagation.9
Integrins are components of a complex assembly of proteins
called focal adhesions, with over 150 different associated
molecules.9,10 They can be in an inactivated or activated
conformation.5,11 Due to their dynamic nature, they can
transmit bidirectional signals through the cell membrane.5,12,13
Inside-out signals from cell membrane receptors increase the
ligand binding affinity of integrins. On the other hand, the
binding of ligands to integrins triggers the creation of focal
adhesion complexes and the activation of downstream signal
pathways. The binding of integrins to their ligands is
influenced by divalent cations, with Mn2+ and Mg2+ generally
promoting the binding and Ca2+ preventing it.5,14−16 Never-
theless, this cation effect is also concentration dependent.17 A
micromolar Ca2+ concentration is known to be required for
cell−biomaterial binding, but this binding can be inhibited by
higher Ca2+ concentrations in the millimolar range, in the
presence of Mg2+. However, quantitative analyses of the effect
of divalent cations on cell−biomaterial interactions are still
very scarce. Depending on the biomaterial nature and integrin
conformation, specific or nonspecific interactions with
activated or inactivated integrins can take place, all of them
affecting the behavior of cells.18
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The atomic force microscope (AFM) is a suitable instru-
ment to quantify cell−biomaterial interactions in physiological
conditions with high sensitivity (in the order of picoNewtons,
pN).19,20 Other techniques, like magnetic or optical tweezers,
can measure interactions with higher sensitivity (below 1 pN),
but the maximum forces that they can detect are usually below
1 nN. A broader range of forces can be measured by AFM,
from 10 pN to 100 nN, which makes AFM a very convenient
instrument to study cell adhesion. AFM-based force spectros-
copy techniques have been proven to be suitable to quantify
cell−biomaterial interactions in detail.19,21−25 In particular, the
AFM has been used to measure the binding forces of integrins
to some ligands, which were usually in the range of several tens
of pN.21,26−30 Nevertheless, these studies provide information
on only some particular cell lines and ligands. In some cases,
the use of isolated adhesion peptides as ligands may not
represent the real situation, as the binding of integrin to the
whole proteins may differ from the binding to the isolated
peptides.26 The specificity of integrin−ligand interaction has
also been studied by blocking the integrins with antibodies.25,29
Although this is a very efficient approach to block integrin-
specific interactions, it is still uncertain whether the introduced
antibodies could contribute with some nonspecific interactions
to the total adhesion between cells and ligands. Furthermore,
in cells expressing different types of receptors for the same
ligand, it is not feasible to efficiently block all specific bonds
using antibodies. Hence, alternative approaches have been
used in this work to elucidate the contribution of specific
integrin−ligand bonds to the total interaction forces between
cells and biomaterials in as natural conditions as possible.
The cells chosen for this study were human pluripotent stem
cell (hPSCs) line WA07 and human hepatocarcinoma cell
(HCC) line HepG2. hPSCs have a potential to differentiate
into any cell type of the human body and are thus a promising
cell source for various in vitro cell culture applications such as
drug toxicity testing and clinical applications. Due to their
sensitivity, they have not been extensively studied with AFM,
and their interactions with biomaterials used in tissue
engineering are largely unknown.24 Nar̈va ̈ et al. recently
showed that integrins are preferentially expressed at the
peripheral areas of hPSC colonies.31 Thus, the unique
localization of integrins in hPSCs offered us an excellent
opportunity to quantify the effect of integrins on cell−
biomaterial interactions in the cells’ natural stage, without the
need for blocking the integrins. On the other hand, HepG2
cells, a model for carcinoma cell type and widely used for in
vitro drug toxicity testing, were used in this work for
comparison. AFM force spectroscopy was applied to measure
the interaction of WA07 and HepG2 cells with novel
biomaterials used in cell cultures: human recombinant
laminin-521 (LN-521) and wood-derived, chemically unmodi-
fied cellulose nanofibrils (CNF). It has previously been shown
that in two-dimensional (2D) cell cultures hPSCs can be
maintained on the laminin-521 matrix,32 and this material can
also be used to guide stem cell differentiation to hepatic cells.33
On the other hand, CNF can facilitate the formation of hepatic
(HepaRG and HepG2) and stem cell spheroids in three-
dimensional (3D) cell cultures.34−36 A deeper insight into the
mechanisms of interaction of these materials with cells can
foster their potential utilization in tissue engineering and
biomedical applications.
Single-cell force spectroscopy (SCFS), where a cell is
attached to the AFM cantilever, has been commonly used in
the literature to study the adhesion of several cell types to
different materials by AFM.19,20,37,38 However, SCFS is not a
suitable method to investigate hPSCs because these cells die
quickly when they are isolated from the cell colonies. Instead,
in this work we have applied colloidal probe microscopy
(CPM), where colloidal probes attached to AFM cantilevers
are used as force sensors.39 CPM has been widely used in
material research, but the method has also been applied to
measure the adhesion between cells and colloidal probes
coated with different biomaterials.40−42
Both cell viability and the presence of divalent cations can
affect the activation of integrins and, consequently, the cell−
biomaterial interactions. To date, the role of active control of
integrin activation in the overall cell−biomaterial interactions
is still unclear. Although it is known that cell viability has a
high impact on cell−biomaterial interactions, no quantitative
analysis of its impact has been accomplished in previous cell−
biomaterial interaction studies. Taubenberger et al. studied the
adhesion of collagen I to Chinese hamster ovary cells
expressing or lacking α2β1 integrins, revealing the role of
integrin clustering in mediating cell−biomaterial interaction.21
Nevertheless, the effect of different inside-out activation signals
could not be detected with their approach. Thus, force
experiments with both dead and living cells in the absence and
presence of Ca2+ and Mg2+ cations at similar concentrations
as in cell culture media were carried out in this work to
determine the contribution of integrin-mediated interactions to
the adhesion of WA07 and HepG2 cells to LN-521 and CNF
substrates. The results of the quantitative analysis of the cell−
biomaterial interactions presented herein can be used to
understand and tailor cell adhesion in different cell culture,
tissue engineering, and regenerative medicine applications.
■ EXPERIMENTAL SECTION
Preparation of Biomaterial Solutions and Dispersions. All
biomaterial solutions and dispersions were prepared as described in
previously published protocols.24,43 The protocols for laminin
solution were provided by a supplier and CNF dispersion by Valle-
Delgado et al.44 Briefly, the human recombinant laminin (LN521-02,
0.10 mg/mL, Biolamina) and cellulose nanofibrils in a hydrogel form
(Growdex, UPM-Kymmene) were diluted from the stock concen-
trations with Dulbecco’s phosphate-buffered saline with calcium and
magnesium (1 × DPBS+, 14040−133, GibcoTM) and deionized
water, respectively. The diluted CNF dispersion with 0.875% dry
matter content was ultrasonicated for 1 min at 25% amplitude using a
Branson sonifier S-450D tip (Branson Corp.). After that, the CNF
dispersion was centrifuged at 8000g for 30 min using an Eppendorf
5804R centrifuge (Eppendorf AG), and the supernatant with the
thinnest CNF fibrils was stored at +4 °C. LN-521 (10 μg/mL) was
stored at −20 °C, thawed, and kept at +4 °C for a maximum of 2
weeks prior to use.
Preparation of Biomaterial-Coated Cantilevers. Different
AFM probes were used for the force measurements: CSC38/No Al
(0.03−0.15 N/m spring constant), NSC36/Cr−Au (0.7−1.3 N/m
spring constant), and NSC35/Cr−Au (8.8 N/m spring constant)
tipless cantilevers (MikroMasch, Wetzlar, Germany) and PFQNM-
LC-A probes with 65 nm tip radius and 0.04−0.06 N/m spring
constant (Bruker AFM Probes, Camarillo, CA). Colloidal probes were
prepared by attaching glass beads with diameters between 16 and 40
μm (Polysciences, Inc., Table S1) at the free end of the tipless
cantilevers. A motorized PatchStar micromanipulator (Scientifica,
Uckfield, UK) was used for precise positioning of the beads, which
were glued on the cantilevers using an optical adhesive (Norland
Products, Inc., Cranbury, NJ) that was cured under UV light (365 nm
wavelength) for 15 min. The diameter of the colloidal probes was
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measured using a Leica DM750 microscope and LAS EZ software
(Leica Microsystems, Wetzlar, Germany).
Tipless cantilevers with attached beads were coated with CNF or
LN-521 by adsorption, as previously described.24,43 Briefly, colloidal
probes previously precoated with polyethylenimine (Sigma-Aldrich)
were immersed in drops of CNF dispersion for 10 min, rinsed with
Milli-Q water, and dried with nitrogen. LN-521-coated colloidal
probes were obtained by placing the colloidal probes in LN-521
solution drops for ca. 2 h. After that, the probes were rinsed with PBS
+ and directly utilized in the force experiments without drying. These
adsorption procedures produced colloidal probes completely coated
with layers of CNF and LN-521 that were stable during the force
experiments as shown previously.24 Probes with 65 nm tip radius were
used as such (reference) or coated with LN-521 in a similar way as
the colloidal probes.
Cell Culture. For maintenance, human cell lines HCC HepG2
(HB-8065, ATCC) and hPSC WA07 (WiCell) were cultured in well-
established cell culture conditions at 37 °C in a humid atmosphere
with 5% CO2. HepG2 cells were grown in a T75 plastic bottle in
DMEM medium with high glucose and pyruvate content (41966-029,
GibcoTM) supplemented with 10% fetal bovine serum (10270-106,
GibcoTM) and WA07 on 6-well plates coated with Matrigel (Matrigel
Figure 1. Effect of integrin location on the binding of LN-521 to WA07 cell colonies. The assumed integrin density, based on previous results by
Nar̈va ̈ et al.,31 is represented as a gradient in blue (the lighter the blue, the higher the integrin density) in the central schematic illustration of a
WA07 cell colony of a few mm2 area. Schematic illustrations and representative retraction force curves for the contact of a LN-521-coated tip with
integrin-enriched, peripheral areas (a,b) or integrin-deprived, central areas (c,d) of WA07 cell colonies. Note that the boxes are only rough
illustrations and do not depict exact positions of force measurements. The retraction force curves were obtained after different cell−probe contact
times (1, 10, and 30 s). Mean values of adhesion energy (e) and maximum (max) detachment force (f) between LN-521-coated tips and WA07
cells at central or peripheral areas of cell colonies after different cell−tip contact times. Reference values correspond to adhesion experiments
carried out with bare tips. The amount of force curves per sample is presented in the Supporting Information (Table S2). Error bars are standard
errors of mean, and significant differences (p ≤ 0.05) are marked with *. The experiments were carried out in PBS+ using PFQNM-LC-A probes
(tip of 65 nm contact radius). SEM images of the probes are shown in (g,h); scale bars 2 μm (g) and 0.2 μm (h). The force curves, adhesion
energies, and maximum detachment forces were not normalized by the probe radius R.
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basement membrane matrix growth factor reduced, 356230, BD
Biosciences, 0.5 mg per one 6-well plate) in mTeSR1 medium
(05850, STEMCELL Technologies) that was renewed every day.
HepG2 cells were passaged twice a week at a ratio of 1:5 by using
TrypLETM Express (GibcoTM, 12604-021), and WA07 cells were
split with Versene 1:5000 (Invitrogen, 15040-033) at a ratio of 1:4−
1:6, when cell confluency reached 70%. Differentiated WA07 cells
were manually removed before the splitting. Cell growth and
morphology were monitored using a Leica DM IL LED phase
contrast microscope and LAS EZ software (Leica Microsystems).
For AFM experiments, the HepG2 cells were cultured on uncoated
plastic coverslips (83.1840.002, Sarstedt), whereas the WA07 cells
were cultured on Matrigel-coated, plastic coverslips. In both cases,
cells were kept in 12-well plates for at least 2 days before the force
measurements to allow good cell attachment and confluency above
40%. For AFM studies with dead cells, the cells were fixed with 4%
paraformaldehyde (PFA) at RT for 10 min, washed three times with 1
× PBS, and kept at +4 °C in 1 × PBS for a maximum of 2 weeks.
Before AFM experiments, living cells were washed twice with either 1
× PBS− or 1 × PBS+, depending on the medium used for the
measurements.
Force Measurements. A MultiMode 8 AFM with a NanoScope
V controller (Bruker, Santa Barbara, CA) was used for all AFM
experiments. A closed-loop PicoForce scanner (Bruker) was
employed for the force measurement. The experiments with living
cells were carried out at 37 °C (Thermal Applications Controller,
Bruker), whereas the measurements with dead cells were accom-
plished at RT. Before the force measurements and before attachment
of colloidal spheres, the spring constants of the probes were
determined by analyzing their thermal fluctuation spectra and by
applying Sader’s equation,45 whereas the spring constants of the
PFQNM-LC-A probes with 65 nm tip radius were obtained by the
thermal noise method.46 The deflection sensitivity was determined on
a hard, freshly cleaved mica surface to avoid errors due to soft
substrates.43
After mounting the cells and the probes in the AFM liquid cell, the
system was allowed to equilibrate for 10 min in the buffer solution
(PBS+ or PBS−) before the force measurements. The interaction
forces between biomaterials and cells were recorded at a 2 μm/s rate
with at least 20 s lag for living cells and 1 s lag for dead cells between
two successive approach−retraction cycles. The maximum applied
force was in the range 0.25−0.40 nN for the experiments with the
PFQNM-LC-A probes. The maximum applied force, normalized by
the probe radius, was 0.15−0.8 mN/m (typically around 0.6 mN/m)
for the experiments with the colloidal probes. In order to study the
effect of the contact time on the cell−material adhesion, cells and
biomaterials were kept in contact for 1, 10, and 30 s before retracting
them. Within an experiment for a particular cell−biomaterial system,
the maximum applied force was the same for all the contact times. For
each cell−material system, several force curves were recorded in
different locations of the same or different cell plates, using between 1
and 3 probes in the same or different days to check the reproducibility
of the measurements. The cell viability and probe location during
force experiments were monitored with a digital camera (uEye
UI148XLE-C camera) connected to the AFM. Typically, cells
detached gradually before dying after 2 h of experiments, which was
clearly observed with the digital camera. The experiments were
stopped immediately if any sign of detachment was noted.
Consequently, the measurement time was usually kept under 1.5 or
2 h for WA07 and HepG2 cells, respectively.
Since colloidal probes with different radii offered different contact
areas to cells and that can affect the intensity of the measured
forces because the amount of probed receptors differs the force
curves obtained with the colloidal probes were normalized by the
radius of the attached bead, which is a common practice when using
the colloidal probe microscopy.47 The force normalization was
performed by applying the equation normalized force = F/R, where F
is the measured unnormalized force and R is the radius of the colloidal
probe. It should be noted that force normalization by F/2πR is also
often done because, according to Derjaguin’s approximation, that
normalization is directly the interaction energy per unit of area
between two flat surfaces;48 however, normalization by F/R is more
usual in the literature.47 Cell−biomaterial adhesion energies were
obtained by integrating the areas confined between the retraction
force curves (force values below 0) and the zero baselines (Figure
S1). Maximum detachment forces were identified as the maximum
adhesion forces (in absolute value) observed in the retraction force
curves (Figure S1).
Scanning Electron Microscopy. The cell surface morphology
was visualized with a scanning electron microscope (SEM; FEI
Quanta series). First, the cell surface was protected with silica as
described earlier.49,50 Briefly, the PFA-fixated cells were incubated in a
tetraethyl orthosilicate solution for 24−72 h, washed with water and
methanol solutions, and dried in air. Samples were deposited on
borosilicate cover glasses or silicon substrates and sputter-coated with
Au/Pd.
After their use in force experiments, AFM probes were visualized
by a field-emission scanning electron microscope (FESEM; Zeiss
Sigma VP). AFM cantilevers were mounted on double-sided carbon
tape fixed on the FESEM metal stubs. Micrographs were recorded at
an accelerating voltage of 1 or 2.5 kV using a secondary electron
detector at a working distance of 3−6 mm. Fiji ImageJ software
(Research Services Branch, NIH, Bethesda) was used for the image
analysis.
Statistical Analysis. Adhesion energy and maximum detachment
forces were calculated with OriginPro software (OriginLab Corpo-
ration). In general, between 20 and 172 force curves were recorded
per system at each contact time on at least two different locations
(Tables S2, S3, and S4). Less than 20 force curves for each contact
time were analyzed only in some systems and controls showing low
adhesion and low variability between measurements. The calculated
data were expressed as mean values ± standard errors of the mean. A
Welch’s t test was applied to estimate the statistical difference
between the mean values of two independent groups of data. The data
were considered significantly different when p ≤ 0.05.
■ RESULTS AND DISCUSSION
Effect of the Location of Activated Integrins on the
Adhesion between WA07 Cells and LN-521. The ECM-
protein LN-521 is a known ligand of integrins in native WA07
cells. Special AFM tips (PFQNM-LC-A) of 65 nm contact
radius coated with LN-521 were used to measure the
interaction forces with cells at different locations of WA07
colonies (representative retraction force curves are shown in
Figure 1, whereas representative approach force curves are
presented in Supporting Information, Figure S2). A significant
difference in LN-521−WA07 adhesion was observed between
the peripheral and central areas of the WA07 colonies after
contact times ≥10 s, especially remarkable after 30 s contact
time (Figures 1b,d−f and Table S2). After 30 s contact time,
the adhesion energy and the maximum detachment force of
LN-521 to integrin-enriched, peripheral areas were 0.53 ± 0.19
fJ and 0.26 ± 0.09 nN, respectively, considerably stronger than
in the central areas (0.077 ± 0.026 fJ and 0.065 ± 0.010 nN,
respectively). This type of contact-time-dependent adhesion
has been shown to be typical for integrins.21 Furthermore, the
retraction force curves between laminin-coated AFM tips and
peripheral areas of WA07 colonies showed a sawtooth pattern
after contact times ≥10 s (especially evident after 30 s contact
time, Figure 1b), which was absent in the force curves obtained
in the central areas of the colonies (Figure 1d). The sawtooth
pattern is characteristic of the unbinding events of cell
membrane proteins anchored to the cytoskeleton (like
activated integrins).51 In contrast, some retraction force curves
at the central areas of WA07 colonies showed step-like
patterns, commonly associated with tether formation, that is,
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Figure 2. Effect of cell viability on cell−biomaterial interactions. Schematic illustrations of the contact between CNF and integrin in inactive and
active conformation (a) and the contact between LN-521 and integrin in inactive (b) and active (c) conformation. Representative retraction force
curves between LN-521- or CNF-coated colloidal probes and living or dead HepG2 and WA07 cells measured in PBS+ after different cell−probe
contact times (d−i). Mean values of adhesion energy and maximum (max) detachment force for dead and living cells after 30 s contact time are
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unbinding of cell membrane spots not attached to the
cytoskeleton. Using immunofluorescence microscopy, Nar̈va ̈
et al. have shown that there is a higher density of integrins at
the peripheral areas of hPSC colonies as compared to the
central areas.31 Our results correlate well with their
observations and suggest that the adhesion of LN-521 to
peripheral areas of WA07 colonies would be dominated by
specific integrin−LN-521 bonds. The fact that the sawtooth
patterns and high adhesion energies were particularly observed
after 30 s contact time suggests that integrin activation and
binding to LN-521 could be favored by cell rearrangement and
deformation to adapt the cell to the tip geometry during
contact. This rearrangement may increase the tip−cell contact
area, exposing more integrin molecules to LN-521 as the
contact time increases.
Control experiments with bare (uncoated) tips showed
similar low adhesion as LN-521-coated tips to central areas of
WA07 colonies (Figures 1e,f, and S2 and Table S2), indicating
that the interaction between LN-521 and WA07 at the central
areas of the cell colonies is mainly nonspecific, that is, not
mediated by integrins. In line with this conclusion, it must be
noted that the maximum detachment forces between LN-521-
coated tips and central areas of WA07 colonies were very often
below 50−100 pN, which is the typical range for a single
integrin−ligand bond in living cells.30 In contrast, LN-521-
coated tips adhered more strongly to peripheral areas of WA07
cell colonies, with maximum detachment forces similar to 1−5
integrin−ligand bonds.
It should be noted that the stability of the LN-521 coatings
on PFQNM-LC-A tips was confirmed from the reproducibility
of the force measurements. The strong adhesion between a
LN-521-coated tip and a peripheral area of a WA07 cell colony
after 30 s contact time was indeed remarkably reduced after
moving the tip toward a central area of the colony. However, a
strong adhesion was detected again as soon as the tip was
moved to probe another peripheral area of the cell colony,
showing that LN-521 had not detached from the tip during the
measurements. A weak adhesion was observed once more
when the same tip was finally used to probe another spot in the
middle of the WA07 colony. The reproducibility of the
measurements confirmed the integrity of the LN-521 coating
and that the observed reduction in adhesion was not due to
degradation of the LN-521 coating but to the lower expression
of integrins in the central areas of WA07 colonies.
In summary, these results agree with the presence of
activated integrins at the edge areas of the WA07 colonies as
observed by Nar̈va ̈ et al.31 and offer a unique quantitative
comparison between specific (integrin-mediated) and non-
specific cell−LN-521 interactions within WA07 colonies in
natural conditions.
The possibility that integrins could be mainly sequestered at
the basal side of the cells in the focal adhesions between the
cells and the underlying substrate is a relevant point for this
work because the apical (and not the basal) side of the cells
was probed in our approach. The results presented in this and
the following sections indicate that integrins are also present in
the apical side of WA07 and HepG2 cells, in line with previous
observations on Madin−Darby canine kidney cells by
Schoenenberger et al.52
Effect of Cell Viability on Cell−Biomaterial Inter-
actions. Cells can actively control integrin conformation.
Consequently, integrin activation and integrin-mediated cell−
biomaterial interactions depend on cell viability. The effect of
integrin conformation on cell−biomaterial interactions was
evaluated in this work by comparing the interaction forces of
living and dead cells with LN-521 and CNF biomaterials
(Figure 2). This approach was used instead of blocking the
integrins with antibodies, which is not a suitable method to
prevent efficiently all specific bonds in cells like the ones
used in this study expressing different types of laminin-
binding integrins. Colloidal probes with radii between 8 and 20
μm, coated with LN-521 or CNF, were used in this study
(Figures 2l and S3). These colloidal probes offer a larger
surface for long cellulose nanofibrils, which have certain
restrictions in flexibility, to adsorb better than on small
PFQNM-LC-A tips. These large colloidal probes also give the
possibility to potentially measure the adhesion of biomaterials
to whole cells. The stability of the CNF and LN-521 coatings
on the colloidal probes was confirmed from the reproducibility
of the force measurements and the comparison with control
experiments using probes without biomaterial coatings, as
shown in our previous work.24 Paraformaldehyde (PFA)
fixation was used to obtain dead cells. While this treatment
may mask cytoplasmic tails of integrins, it does not destroy
integrin binding sites on the cell membrane.53 The formation
of focal adhesions between cells and materials proceeds in a
sequential manner where the initial binding of ligands to cell
receptors (for instance, integrins) is usually followed by
receptor clustering. Since we wanted to focus our study on the
integrin−ligand interaction before integrin clustering, our force
measurements were carried out at contact times below 60 s,
which has been suggested to be the time for integrin clustering
onset.21
Wood-derived, chemically unmodified CNF is a novel cell
culture material that has gained a lot of interest because it can
be used to culture various cell types in three-dimensional (3D)
environment. CNF is a sterile, xeno-free, nontoxic material that
is able to form networks resembling ECM topography, and its
stiffness can easily be tuned by changing the CNF
concentration.34 The cells cultured in CNF hydrogels form
in vivo-like cell structures.35,36,49 In order to further exploit
CNF in tissue engineering or regenerative medicine
applications, a detailed understanding of the CNF−cell
interactions is needed. The retraction force curves between
CNF-coated colloidal probes and dead or living HepG2 cells
(Figures 2d,g) were surprisingly similar, with low values of
adhesion energy and detachment forces that were not
statistically different (Figures 2j,k). Furthermore, a comparable
low adhesion was observed between bare glass colloidal probes
and living HepG2 cells an interaction that is supposed to be
Figure 2. continued
compared in (j) and (k), respectively. Error bars are standard errors of mean, and significant differences (≤0.05) are marked with *. The force
curves, adhesion energies, and maximum detachment forces were normalized by the probe radius R. The probe radii, the adhesion energies, the
maximum detachment forces, and the number of force curves per sample are presented in the Supporting Information (Tables S1, S3, and S4). A
SEM image of a LN-521-coated colloidal probe is shown in (l); scale bar 10 μm. SEM images of a CNF-coated colloidal probe are shown in the
Supporting Information (Figure S3).
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nonspecific in control experiments reported previously.24
This experimental evidence indicates that the interaction
between CNF and HepG2 seems to be nonspecific, at least not
mediated by integrins.
On the contrary, the interactions of cells with LN-521 were
remarkably affected by cell viability. The retraction force
curves presented in Figures 2e,h for HepG2 and in Figure 2f,i
for WA07 show a clear difference in the range and the
magnitude of the adhesive forces between LN-521 and living
or dead cells. In principle, it could be argued that the effect of
cell viability on the adhesion of LN-521 to cells could be
associated with the different elasticity of dead and living cells,
which would result in different contact areas with the colloidal
probes. The observed increase in adhesion between LN-521-
coated colloidal probes and living cells with the contact time
would be in line with an increase in the contact area due to cell
viscoelastic adaptation to the probe geometry along the time. A
smaller cell−probe contact area would be expected in the case
of dead cells due to the stiffer nature of the fixed cells, resulting
in lower adhesion. However, our results could not be explained
by only considering differences in the contact area. The
adhesion of CNF-coated colloidal probes to living cells was
remarkably lower than the adhesion of LN-521-coated
colloidal probes and not much dependent on the contact
time. LN-521 is a ligand for α6 and β1 integrins expressed on
HepG2 and WA07 cells, and therefore the interaction of LN-
521 with activated integrins could explain together with
differences in the contact area the stronger adhesion
observed with living cells (Figures 2j,k). Thus, the increase
in contact area due to cell viscoelastic deformation may favor
the formation of more integrin−LN-521 bonds, increasing the
adhesion between LN-521-coated probes and living cells as the
Figure 3. Effect of divalent cations Mg2+ and Ca2+ and cell viability on cell−biomaterial interactions. Representative retraction force curves between
LN-521- or CNF-coated colloidal probes and HepG2 (living or dead) cells and WA07 (dead) cells measured in PBS+ and PBS− buffers after
different cell−probe contact times (a−e). Mean values of adhesion energy and maximum detachment force after 30 s contact time are compared in
(f) and (g), respectively. Error bars are standard errors of mean, and significant differences (p ≤ 0.05) are marked with *. The force curves,
adhesion energies, and maximum detachment forces were normalized by the probe radius R. The probe radii, the adhesion energies, the maximum
detachment forces, and the number of force curves per sample are presented in the Supporting Information (Tables S1, S3, and S4). The higher
noise level of the purple line in (a) is due to the use of a stiffer probe.
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contact time increased. It is interesting to notice that the
adhesion energy between LN-521-coated probes and dead
HepG2 cells was very similar to the adhesion energy between
CNF-coated probes and HepG2 cells, indicating that the lack
of activation of the integrin molecules in dead cells makes the
interaction between LN-521 and HepG2 cells mainly non-
specific.
The sawtooth pattern characteristic of integrin−laminin
binding observed in Figure 1b was expected to also be seen in
Figure 2h,i (unlike dead cells, living cells have the capacity to
activate integrins). Although some signs of that pattern could
be seen in Figure 2h, they are not clearly distinguishable in
Figure 2i. The reason for this is that in those experiments, due
to the strong adhesion between cells and laminin, stiffer
cantilevers were used to be able to detach the colloidal probes
from the cells within the Z range of the AFM scanner (about
15 μm). The drawback of using stiffer cantilevers is the loss in
force sensitivity, which made it very difficult to resolve small
jumps due to single integrin−laminin unbiding events,
smoothing out the retraction force curves.
The zero-force baselines are in general smoother and flatter
for dead cells. The stiffer nature of dead, fixed cells limits their
elongation when pulling them during the retraction of the
colloidal probes, reaching a clear cell−probe detachment
within the Z-range of the AFM scanner. In contrast, the softer
living cells are more easily elongated during the retraction force
measurements. In some cases (due to strong adhesion to LN-
521 after 30 s contact time), the cell elongation approaches the
Z-range limit of the AFM scanner, resulting in relatively short
zero-force baselines in the force curves. The retraction force
curves may include some viscoelastic rearrangements of the
living cells during pulling, but that contributes to the total
energy needed to detach the cells from the biomaterials and,
consequently, should be taken into account when calculating
the adhesion energy (the area enclosed by the retraction force
curve force values below 0 and the zero-force baseline).
On the other hand, the maximum detachment forces reflect the
strength and amount of biomaterial−cell bonds, independently
of the cell viscoelasticity. Both adhesion energies and
maximum detachment forces are provided to give a more
complete picture of the observed adhesion (Figures 2j,k and
Tables S3 and S4).
Effect of Ca2+ and Mg2+ Cations on Cell−Biomaterial
Interactions. Ca2+ and Mg2+ cations are very important for
cell adhesion. Thus, they are always included in the
formulation of media used for in vitro cell cultures. Divalent
cations are known to play a role in integrin activation, and
consequently they can be used to study the specificity of
integrin-mediated cell−biomaterial interactions.5,15−17,54 It has
been noted that while Mg2+ promotes integrin activation Ca2+
can either favor or hinder the activation of integrin depending
on Ca2+ concentration.
In order to gain further information on how integrin
activation affects cell−biomaterial interactions, we explored the
effect of Ca2+ and Mg2+ ions, in combination with cell viability,
on cell adhesion to LN-521 and CNF (Figures 3 and S4). PBS
+ (with 0.49 mM Mg2+ and 0.9 mM Ca2+) and PBS− (without
Mg2+ and Ca2+) buffers were used in the experiments. PBS+
buffer was chosen because the ion concentrations were similar
to commonly used cell culture media, and the concentration
affects integrin activation. Unfortunately, WA07 cells were very
sensitive, and they detached from the coverslips and died
within 10 min in the absence of Ca2+ and Mg2+, preventing the
force measurements using living WA07 in PBS−. This
limitation was not observed with HepG2 cells.
The presence of Mg2+ and Ca2+ ions in the media did not
affect the adhesion between CNF-coated colloidal probes and
living HepG2 cells (Figures 3a,f,g). A very low adhesion was
observed independently of the buffer used. Low adhesion was
also observed between bare glass colloidal probes and living
HepG2 cells in PBS+ in control experiments reported
previously by us.24 These results further support the
conclusion that the interaction between CNF and HepG2
cells is not mediated by integrins. On the contrary, the
presence of Mg2+ and Ca2+ ions provoked a stronger adhesion
between LN-521-coated colloidal probes and living HepG2
cells (Figures 3c,f,g), suggesting that the adhesion of LN-521
to HepG2 cells is dominated by bonds with activated integrins.
Nevertheless, it must be noted that removing divalent cations
from the media (that is, preventing integrin activation) did not
completely suppress the adhesion of LN-521 to HepG2 cells
(Figures 3c,f,g), indicating that LN-521 binding to other
receptors or some nonspecific interactions with cell mem-
branes also take place.
Figure 4. Effect of HepG2 and WA07 cell surface morphology on cell−biomaterial interactions. SEM images showing the cell surface morphology
of HepG2 (a) and WA07 (b) cells (scale bar 40 μm). (c) Representative force curves obtained when approaching LN-521- and CNF-coated,
micrometer-sized colloidal probes to living HepG2 and WA07 cells (force values normalized by the probe radius R). Force experiments were
carried out in PBS+.
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Taubenberger et al. observed that the adhesion between
integrin-expressing Chinese hamster ovary cells and collagen I
was clearly boosted by Mg2+ cations.21 On the other hand,
Trache et al. concluded that the Mg2+-promoted binding of
α5β1 integrin to fibronectin became weaker in the presence of
Ca2+, suggesting the competition between Mg2+ and Ca2+
ions.54 Nevertheless, the concentrations of Mg2+ and Ca2+
ions in their work (4 mM and 0.25 mM, respectively) were
different from the concentrations normally used in cell culture
media (for instance, different DMEM media have 0.4−0.8 mM
Mg2+ and 1.05−1.8 mM Ca2+). Our results suggest that the
combination of Mg2+ and Ca2+ in concentrations similar to
those used in cell culture media activates integrins in HepG2
cells in contrast to previous findings,54 emphasizing that the
effect of electrolytes on cell interactions is likely concentration
sensitive.
Interestingly, a slightly stronger adhesion between dead cells
and LN-521 and CNF was observed in the absence of Mg2+
and Ca2+ (Figures 3b,d−g). Since no activation of integrins
occurs in dead cells, the interactions between dead cells and
biomaterials should not be affected by divalent cations.
Nevertheless, nonspecific interactions not mediated by
integrins could be affected by divalent cations. These
interactions include van der Waals forces, hydrogen bonds,
and electrostatic interactions between charged groups.
Repulsive hydration forces due to the adsorption of divalent
cations on hydrophilic surfaces have been previously
reported,55 preventing the surfaces to approach to very short
separations where the attractive van der Waals forces would be
stronger. Electrostatic attractions between oppositely charged
groups on cell and biomaterial surfaces could also be hindered
by the adsorption of divalent cations. Altogether, the divalent
cations seemed to decrease the nonspecific, attractive forces
and, consequently, the adhesion of dead cells to LN-521 and
CNF.
Cell Surface Morphology and Cell−Biomaterial
Interactions. The cell lines chosen in this study, WA07 and
HepG2, have very different surface morphology as shown in
Figure 4a,b. HepG2 has relatively large microvilli at the surface
and a tendency to grow on top of each other (Figure 4a), while
WA07 cells have a very flat and smooth cell surface (Figure
4b). Cell−biomaterial interactions can be dictated by the
different expression of cell membrane receptors, but they may
also be affected by the cell surface morphology. In our
experiments, the different surface morphology of HepG2 and
WA07 cells can give rise to different probe−cell contact areas
and, consequently, to a different number of integrin−ligand
contacts. In principle, the cell surface morphology should have
a stronger impact on the force curves obtained when
approaching large colloidal probes to the cells. In fact, the
repulsion due to the cell compression when approaching LN-
521 and CNF colloidal probes started at about 0.5 μm longer
separations for HepG2 than for WA07, well in agreement with
the presence of a microvilli layer on the HepG2 cell membrane
(Figure 4c; note that the separation distances are measured
with respect to the position of cell deformation at 0.2 mN/m).
The cell surface morphology may also affect the forces upon
probe retraction. The different profiles of the retraction force
curves, with more bumps in the case of HepG2 (Figure 2h vs i;
see also our previous publication24), could be partly due to a
larger cell−probe contact area and the exposure to a higher
number of integrin receptors in the case of the rougher surface
of HepG2 cells. Related to this, it is known that integrins are
present in the microvilli of white blood cells,56 and if integrins
are also present in the microvilli of HepG2 cells, a fact that has
not been confirmed yet, then the cell surface morphology
would play an important role in the cell−biomaterial
interactions. Nevertheless, other factors like differences in the
cell response to elongation (viscoelastic deformation, cytoske-
leton rearrangement) and in the density of cell membrane
receptors also contribute to the shape of the retraction force
curves, making it difficult to determine unambiguously the
effect of the cell surface morphology. In principle, the force
measurements using 65 nm-contact radius probes should be
less affected by the cell surface morphology because of the
smaller tip−cell contact area. Nevertheless, the different
profiles of the force curves obtained when retracting LN-
521-coated tips from HepG2 (Figure S5) and WA07 cells
(Figure 1) could be due in part to the different surface
morphology of those cells.
In summary, the results in this work demonstrated that AFM
force spectroscopy techniques can be used to study the
interactions of delicate stem cells that cannot be probed by
SCFS. Using small well-defined probes, we were able to show
how integrin location on WA07 cell colonies affected laminin
adhesion, not assessable with other force-measuring techni-
ques. An alternative way to discriminate between integrin-
mediated and not integrin-mediated interactions by probing
the effect of cell viability and divalent cations was moreover
presented. This approach is especially useful and more
suitable than the use of blocking antibodies for cells
expressing different integrin types for the same ligand. Cells
genetically modified to induce or prevent the expression of
some integrin types in a controlled manner would be extremely
valuable systems to definitely elucidate the contribution of
specific integrin−biomaterial bonds.21 Unfortunately, such
genetic modification of the cells used in this work is far from
reality at the moment.
■ CONCLUSIONS
Understanding the cell−biomaterial interaction mechanisms
and the factors affecting both integrin activation and the
specificity of integrin−ligand interactions can help to
comprehend cell behavior in vivo and in vitro. By using AFM
force spectroscopy, we quantitatively assessed the role of the
intracellular integrin activation in cell−material interactions in
as natural a cell environment as possible. By probing cell
colonies with biomaterial-coated, well-defined probes, we
showed that divalent cations, cell viability, and integrin
location had a significant effect on the specific, integrin-
mediated interactions between human recombinant LN-521
and either human pluripotent stem cells (WA07) or human
hepatocarcinoma cells (HepG2). In contrast, we observed only
weak, cell receptor-independent, nonspecific interactions
between wood-based CNF and cells. The developed methods
enabled the study of delicate stem cells that cannot be probed
by SCFS and introduced a novel approach to assess integrin-
mediated forces. These results increase our understanding of
cell interactions and are vital for the design of cell models for
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